ABSTRACT Influenza
INTRODUCTION
Influenza is one of the most important respiratory infectious diseases of humans. It is estimated that influenza is responsible for 250 000-500 000 deaths annually (1) . The 1918 pandemic resulted in the deaths of 20-50 million on a global scale, which was one of the most devastating disease outbreaks in human history (2) . Influenza viruses of the family Orthomyxoviridae contain eight single-stranded negative-sense RNA molecules which encode a total of 11 proteins. Three antigenically distinct virus types-A, B and C-circulate in human populations (3) . Antigenic drift of the viruses makes the existing vaccines ineffective and antigenic shift creates new strains which may cause worldwide pandemic. Genome sequences of currently circulating virus isolates are important sources of information about influenza. Recent developments in viral genome sequencing, antigenic mapping and epidemiological modeling are greatly improving our knowledge of the evolution of human influenza virus (4) (5) (6) . However, many aspects of the evolutionary and epidemiological dynamics of influenza viruses are still far from complete.
Significant efforts have been made to build public resources of influenza viruses, such as the Influenza Virus Resource (http://www.ncbi.nlm.nih.gov/genomes/ FLU/FLU.html) at the National Center for Biotechnology Information (NCBI), the Influenza Sequence Database at Los Alamos National Laboratory, the Influenza Virus Database (http://influenza.genomics.org.cn) at the Beijing Institute of Genomics and the BioHealthBase Bioinformatics Resource Center (http://www.biohealth base.org) (7) (8) (9) (10) . An increasing number of genomes of influenza viruses have been sequenced in Asia in recent years. Southern China has long been considered a potential epicenter for emergence of pandemic influenza viruses (11) and becomes one of the major foci for viral surveillance. Tropical regions may function as permanent mixing pools for viruses from around the world, providing ideal source populations because of extended viral transmission (12) . Knowledge about the genomes of the seasonal influenza viruses from different countries in Asia is valuable for monitoring and understanding of the evolution and migration of strains. Since 1968, Korea National Institute of Health (KNIH) has performed influenza virus isolation as part of the World Health Organization's influenza surveillance network. In 2000, the Korean Influenza Surveillance Scheme was established as an integrated clinical and laboratory surveillance network involving public health centers and private clinics (13) . Sentinel physicians report cases of influenza-like illness weekly and forward specimens to KNIH for virus isolation and characterization. KNIH has sequenced the isolates of influenza viruses collected in Korea, which have been registered to GenBank at the NCBI.
New insights into immunity initiated by host-pathogen interaction are changing the way we think about pathogenesis of influenza. The immune response to influenza virus infection is directed against various epitopes of antigens. Two important surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) mutate at high frequencies under the strong selective pressure of the host's immune system (14) . Epitopes can be used to monitor immune response and a single amino acid mutation at the key residue of the epitope is frequently sufficient to cause an antigenic change (15) . High-level antiviral drug resistance can also be conferred by single amino acid substitutions (16) . Over the years, influenza antiviral drug resistance has grown rapidly despite the efficacy of the drugs comparable to that of vaccines. In order to leverage the wealth of information from such data, we have developed an integrated user friendly relational database, Influenza Sequence and Epitope Database (ISED), particularly focusing on the genomes of the seasonal influenza viruses from Asian countries. We have added value by implementing a suite of bioinformatics tools that can be used to analyze and visualize the influenza data. This freely accessible resource will augment influenza research and contribute to improved public heath.
OVERVIEW OF THE DATABASE
ISED was designed to collect, store and provide sequence information on influenza viruses including drug-resistant strains, conjoined to research tools for sequence pattern and epitope structural analyses of the data. At present, ISED includes information on 16 004 influenza sequences (13 020 influenza A and 2984 influenza B viruses) including those from nine Asian countries (China, Japan, Korea, Malaysia, Philippines, Singapore, Taiwan, Thailand and Vietnam) ( Table 1) . It also hosts 545 drug-resistant influenza sequences against amantadine collected in Korea (Table 2) . No drug-resistant influenza isolates were found in Korea against oseltamivir and zanamivir. Influenza virus sequences collected in Korea are registered and will be registered to GenBank at the NCBI immediately upon publication (currently an additional 184 segment sequences as well as 545 drug-resistant sequences). Those of other countries are collected by searching from NCBI GenBank database. ISED also contains a total of 179 T cell epitopes and 5 antibody epitopes experimentally determined or curated from scientific literature, useful for epitope matching.
The data are updated on a regular basis by a curation team, composed of researchers at the Center for Infectious Diseases at KNIH and in Korea University, in order to ensure a consistently high data quality. The data in ISED is open and freely accessible to the general public, which is one of the chief goals of ISED to offer users easy Web access and graphical user interfaces. ISED is a part of the National BioBank project intended to integrate a framework for identifying, collecting, distributing and managing of biomateirals, which is being developed at KNIH.
DATABASE DESIGN AND CONTENTS
The virus sequences in ISED are categorized into tables according to countries, each of which is characterized by a number of attributes: strain name, target host, virus type, virus subtype or lineage (B type only), RNA segment, amino acid sequence, start number of amino acid sequence, aligned amino acid sequences, NCBI accession number (amino acid sequence), 
DATA RETRIEVAL AND TOOLKIT
ISED consists of a framework for advanced web-based retrieval, analysis and visualization of related influenza data: sequence browse, sequence analysis and epitope matching arranged in one Oracle schema (17) . Sequence data can be retrieved efficiently through establishment of the sequence browse mode (Figure 1 ). Users can combine various options, such as virus type, nation, host, RNA segment, subtype and collection year. The website then provides access to individual influenza sequence records characterized by a number of database fields, such as accession number, sequence length, virus type, target host, RNA segment, subtype, collected nation and year, virus name and potential N-glycosylation site. The sequence browse results are displayed in chronological order and can also be sorted by column by clicking the table header. Two different search options are provided: individual and collective selection. The amino acid sequences of the selected strains in the displayed list can be retrieved in a separate window by clicking the 'View fasta format' button, or can be easily downloaded (Figure 1) . Users can prepare an input data by clicking 'Sequence alignment' and conduct multiple sequence alignment by direct submission or upload a file of the chosen sequences to CLUSTALW tool of EBI (18) . Later, a user's past search history can be located and accessed by the Web server. Drug-resistant influenza sequences can also be retrieved in a sequence browse mode, where alignment or difference patterns of selected resistant sequences can be examined (Figure 2A) .
The contents of the epitope resource can be searched via user-friendly interface. For epitope matching, users can select virus subtype and reference strains in the reference table containing database fields, such as virus strain, collected area, virus type and target host. Search can query via one of strains and locations which can be selected from pull-down menus, or users can upload and submit their own sequences ( Figure 2B ). Details of epitope information can be viewed with the strings of amino acid sequences highlighted either in green or blue for antibody or T cell epitopes, respectively. More detailed information can be retrieved by clicking each epitope segment. The values in parentheses represent the number of isolates against zanamivir.
The epitope 3D structure is visualized using an interactive Jmol (http://www.jmol.org), which is superimposed on an HA tertiary structure model provided by the Protein Data Bank (19) . Users can also easily examine matching frequencies between the selected strain and reference strains.
DATA ANALYSIS
ISED allows access to sequence analysis tools by clicking 'Sequence analysis' on the top menu bar. Users can select virus sequence resources via a graphical interface according to virus type, collected region (nation) and RNA Figure. 1. Snapshots showing the interrelation of data retrieval tools in ISED. Users can access the data through search options and the results can be selectively saved. The results can be subjected to further analysis, such as multiple sequence alignment.
segment, with collection year range ( Figure 3A) , and conduct sequence alignment or sequence difference by clicking the 'alignment' or 'difference' button. Users can also combine sequences from different sources. On the result page, the alignment can be viewed with color-coded amino acids, so that viral mutations can be seen as changes in color when scanning from the N-to C-terminus along the sequence ( Figure 3B ). Difference can be also viewed in a separate full-screen window with color coding, where the amino acids with mutations are displayed with additional information of mutation frequencies as well as antigenic sites. Notably, the sequence analysis also includes a vaccine strain tool, with which users can conduct either sequence difference or sequence comparison with vaccine strains ( Figure 3C ). Sequence difference among vaccine strains returns a result of list of the differences in amino acid sequences among the vaccine strains with information of mutation frequencies as well as Another challenge is to provide ISED with regional epidemiological features of drug-resistant viruses. Amantadine and rimantadine have been used for the prevention and treatment of influenza A virus infection for >30 years (20) . Widespread use of antiviral drugs relying on pandemic stockpiles has the potential to promote emergence of resistant strains of which the epidemiological surveillance is a key to monitor and control. Open sharing of the resistant viral genome information has become increasingly important in preventing and controlling the spread of the resistant viruses. In addition, an antiviral drug resistance analysis tool can be developed and linked to the records in the database, which provides users to analyze influenza sequences for mutations known to confer drug resistance or sensitivity.
The recent H5N1 outbreaks in Asia and a worst outbreak in Korea in 2008 have spurred our interest in surveillance among wild and domestic birds. Avian influenza surveillance may provide early warning signals for any possible introduction of avian viruses in new regions. Importantly, a large number of genome sequences of avian influenza viruses are accumulated in Asia. Given the regions potential as an epicenter for emergence of new influenza virus strains, we particularly intend to extend the ISED platform to enable epidemiological monitoring of avian influenza virus sequences.
USER MANAGEMENT
The ISED management system allows users to access the influenza virus sequence database without registration, except for drug-resistant virus sequence data. However, user registration is required for adding and editing database contents, and user support can be obtained by e-mailing graduate@korea.ac.kr or khkim@korea.ac.kr. Readers are encouraged to contact us if they wish to provide new data for inclusion in ISED, assist with curation or have any suggestions for improvements.
IMPLEMENTATION
ISED was developed as a relational database using Oracle 10g applications (14) on the Windows operating system. Two open source programs, the Apache HTTP Server and Apache Tomcat, were used as HTTP server and servlet container for web service, respectively. Perl scripts were used to provide common gateway interface for sequence alignment using ClustalW, and Java applet was used to link Jmol for displaying 3D models. ISED can be publicly accessed from any Web browser at http:// influenza.korea.ac.kr.
